
About Depolization 

Into 
Shape,  size  distribution  and  composition  of  aerosol  particles  influence  their 
scattering  characteristics  and  thus  the  radiative  impact.  The  polarization  lidar 
technique  (Schotland  et  al.,  1971;  Sassen,  1991;  2005)  is  a  well–established 
method  to distinguish  ice clouds  from water clouds and  to  identify  layers with 
ice  crystals  in  mixed–phase  clouds  (e.g.,  Ansmann  et  al.,  2005;  2007). 
Freudenthaler  et  al.  (1996)  applied  a  scanning  polarization  lidar  to  study  the 
evolution of contrails. The technique has been used to identify the type of polar 
stratospheric clouds (Toon, et al., 2000; Recihardt et al., 2000; Sassen, 2005) and 
volcanic  ash  in  the  troposphere  and  stratosphere  (Winker  and  Osborn,  1992; 
Hayashida  et  al.,  1984;  Sassen  et  al.,  2007).  The  polarization  lidar  is  also well 
suited for aerosol profiling (McNeil and Carswell, 1975; Murayama et al., 1996; 
Gobbi,  1998;  Cairo  et  al.,  1999;  Sassen  et  al.,  2007)  and  allows  us  to 
unambiguously discriminate desert dust from other aerosols (Gobbi et al., 2000; 
di Sarra et al., 2001; Sakai et al., 2002; Murayama et al., 2004; Müller et al., 2003; 
Iwasaka et al., 2003). Based on model calculations it has been demonstrated that 
the spectral dependence of the dust linear depolarization ratio is sensitive to the 
size distribution of the nonspherical scatterers (Mishchenko and Sassen, 1998).  
 

Lidars  generate  short  pulses  of  linear  polarized  light.  Detected  backscattered 
signal  by  homogeneous  shperical  particles  will  maintain  the  original 
polarization,  whereas  nonspherical  particleds  will  induse  some  degree  of 
depolarization.  This  depolization  is  measured  by  the  deopolization  ration  δ. 
δ=Sc/Sp is the ratio between the returned cross‐polarized signal Sc and parallel‐
polarized  signal  Sp.  In  absense  of  aerosols  or  particles  (Rayleight  scattering)  a 
depolization  dm  typically  is  of  the  order  of  1.5%.    In  the  case  of  scattering  by 
particles, the degree of depolization depends on a large number of variables such 
as size and shape distributions, refractive index and phase. 

Lidar  studies  of  clouds  have  shown  that  ice  crystals  induce  ammounts  of 
depolarization  that  cary  between  40%  and  70%.  Special  cases  have  also  been 
reported with depolization   δ>=100%. 

However,  studies  have  shown  the  simple  ice  crystals  generate  a  surprisingly 
constant amount of depolarization δ of the order of 50%, which can be decreased 
mainly bey the presence of liquid particles. 

The measured lidar signal on both channels from range z are linked to the 
volume backscatter coefficient β of the sampled air layer by means of the lidar 
equation. 

 

Comparison of various linear depolarization parameters
measured by lidar
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Different definitions for estimating the degree of changes in signal polarization measured by lidar
measurements are used both to detect the presence of nonspherical aerosol particles and to estimate their
shape and density. Our aim is to provide a tool for calculation and interpretation of changes in
polarization that are due to aerosol backscatter measured by the lidar technique. An overview of several
techniques used to calculate linear depolarization from two-channel lidar measurements is given. Ad-
vantages and disadvantages of each method are analyzed when we apply them on a lidar vertical profile.
Systematic errors are also discussed. First, an overview of different estimations of polarizability of
atmospheric molecules is given. The presence of signal with orthogonal polarization in each channel
!cross talk" is a source of error in depolarization estimation. It is calculated at various degrees of
contamination, and the total uncertainty on depolarization definition is retrieved. © 1999 Optical
Society of America

OCIS codes: 280.3640, 280.1310, 290.1350.

1. Introduction
Lidar often uses polarized laser beams for sounding
the atmosphere, and depolarization measurements
have long been used in lidar investigation.1 The
main application of depolarization measurements is
the discrimination and the extent of liquid and solid
phase clouds and aerosols. Lidar signal is the su-
perposition of scattering that is due to molecules and
scattering that is due to particles that are greater
than the typical dimensions of atmospheric mole-
cules. Molecular backscattering follows Rayleigh
theory, in which case changes in polarization are due
only to the polarizability of molecules: The contri-
bution to the orthogonal polarization is #1%.2 Scat-
tering processes on aerosols must be treated by
means of Mie theory if particles are spherical or with
Stokes matrix if particles are nonspherical. From
Mie theory the polarization of incident light is con-

served after backscattering, whereas backscattering
on solid particles can change the polarization direc-
tion. If a laser beam is emitted with a definite po-
larization, the presence of polarized light in the
perpendicular component denotes the presence of
backscattering from nonspherical particles. Hence
polarized backscattering !parallel to the laser polar-
ization" is considered, and depolarization is used to
refer to the perpendicular component of polarized
backscattered light. Three points must be taken
into account during treatment with depolarization
studies: !i" Multiple scattering processes induce de-
polarized backscattering even in the presence of
spherical scatterers, !ii" particles with small dimen-
sions compared with the lidar wavelength do not
show depolarization even if they are not spherical,3
and !iii" emitted light polarization must remain sta-
ble throughout the measurement.

2. Overview of Lidar Linear Depolarization Definitions
A polarized laser beam is emitted, backscattered in
the atmosphere, and collected by a two-channel lidar,
with selection of parallel- and cross-polarized back-
scattering. The powers measured on both channels
from range z, namely, P!, and P! are linked to the
volume backscatter coefficient $ of the sampled air
layer by means of the Rayleigh lidar equation4:

P!,!!z" ! P0
c%

2
C!,! $! " $!

z2 exp!&2 '
0

z

(!)"d)" , (1)
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Po is the transmitted pulse energy, c is the speed of light, C is the gain factor, β is 
the volume backscatering coef.  σ is the extinction coef., and τ is the duration of 
the  laser  pulse.  Volume  backscatter  coef β can  be  split  into  contribution  from 
molecules and aerosols. 

 

Atmospheric  models  or  radiosonde  vertical  profiles  can  be  used  to  estimate 
molecular backscatter. Total aerosol backscatter, in the Mie scattering regime, is 
related  not  only  to  the  particle  number  density  but  also  to  the  size.  We  can 
calculate the total backscatter ratio R. 

 

 

 

 

The ration between parallel and perpendicular molecular backscatter δm 
can be assumed to be constant in the atmosphere. 

Some definitions from the literature. 

 

The  volume linear depolarization ratio δ is not dependent on the extinction and 
is  slightly  dependent  on  the  instrumental  parametres.  If  the  difference  in 
efficiency between the parallel and the cross‐polarized channel receiving system 

where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:

R !
!m

! " !m
! " !a

! " !a
!

!m
! " !m

! . (3)

Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
aerosol profile are below 4%. Backscatter ratios R
for perpendicular- and parallel-polarized light are de-
fined as

R! !
!m

! " !a
!

!m
! , (4)

R! !
!m

! " !a
!

!m
! . (5)

The ratio between parallel and perpendicular molec-
ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:

& !
C!P!

C!P! !
C!

C! K. (6)

To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as

&m ! K
C!

C! , (7)

to have

& ! &m
K
K0

, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:

&T !
&m P!

K0 P! " &m P! . (9)

The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,

"mol !
8'

3
!, (10)

and a polynomial relationship for aerosol backscatter
and extinction,

"aer ! 10a1(a2log$!%(a3)log$!%*2. (11)

Table 1. Definitions of Depolarization Parameters and References in
Scientific Literature

Symbol Definition Reference

& Volume depolarization 6
R! Backscatter ratio 7
&a Aerosol depolarization 8
&T Depolarization ratio 9
&TA Aerosol depolarization 10
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where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:

R !
!m

! " !m
! " !a

! " !a
!

!m
! " !m

! . (3)

Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
aerosol profile are below 4%. Backscatter ratios R
for perpendicular- and parallel-polarized light are de-
fined as

R! !
!m
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!

!m
! , (4)

R! !
!m

! " !a
!

!m
! . (5)

The ratio between parallel and perpendicular molec-
ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:

& !
C!P!

C!P! !
C!

C! K. (6)

To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as

&m ! K
C!

C! , (7)

to have

& ! &m
K
K0

, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:

&T !
&m P!

K0 P! " &m P! . (9)

The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,

"mol !
8'

3
!, (10)

and a polynomial relationship for aerosol backscatter
and extinction,

"aer ! 10a1(a2log$!%(a3)log$!%*2. (11)

Table 1. Definitions of Depolarization Parameters and References in
Scientific Literature

Symbol Definition Reference

& Volume depolarization 6
R! Backscatter ratio 7
&a Aerosol depolarization 8
&T Depolarization ratio 9
&TA Aerosol depolarization 10
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where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:

R !
!m

! " !m
! " !a

! " !a
!

!m
! " !m

! . (3)

Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
aerosol profile are below 4%. Backscatter ratios R
for perpendicular- and parallel-polarized light are de-
fined as

R! !
!m

! " !a
!

!m
! , (4)

R! !
!m

! " !a
!

!m
! . (5)

The ratio between parallel and perpendicular molec-
ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:

& !
C!P!

C!P! !
C!

C! K. (6)

To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as

&m ! K
C!

C! , (7)

to have

& ! &m
K
K0

, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:

&T !
&m P!

K0 P! " &m P! . (9)

The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,

"mol !
8'

3
!, (10)

and a polynomial relationship for aerosol backscatter
and extinction,

"aer ! 10a1(a2log$!%(a3)log$!%*2. (11)

Table 1. Definitions of Depolarization Parameters and References in
Scientific Literature

Symbol Definition Reference

& Volume depolarization 6
R! Backscatter ratio 7
&a Aerosol depolarization 8
&T Depolarization ratio 9
&TA Aerosol depolarization 10
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where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:

R !
!m

! " !m
! " !a

! " !a
!

!m
! " !m

! . (3)

Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
aerosol profile are below 4%. Backscatter ratios R
for perpendicular- and parallel-polarized light are de-
fined as

R! !
!m

! " !a
!

!m
! , (4)

R! !
!m

! " !a
!

!m
! . (5)

The ratio between parallel and perpendicular molec-
ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:

& !
C!P!

C!P! !
C!

C! K. (6)

To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as

&m ! K
C!

C! , (7)

to have

& ! &m
K
K0

, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:

&T !
&m P!

K0 P! " &m P! . (9)

The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,

"mol !
8'

3
!, (10)

and a polynomial relationship for aerosol backscatter
and extinction,

"aer ! 10a1(a2log$!%(a3)log$!%*2. (11)

Table 1. Definitions of Depolarization Parameters and References in
Scientific Literature

Symbol Definition Reference

& Volume depolarization 6
R! Backscatter ratio 7
&a Aerosol depolarization 8
&T Depolarization ratio 9
&TA Aerosol depolarization 10
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is not negligible an unkown gain factor C has to be estimated. K is the ration of 
the cross signal to the parallel signal and Ko is its value in aerosol‐free region: 

 

To estimate the gain factors, a calibration in the aerosol free region must be 
performed, which can be written as  

 

to have  

 

The ratio of the cross‐backscatter coef to the total backscatter coef is expressed 
in terms of the raw signals: 

 

 

 

 

 

 

 

where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:

R !
!m

! " !m
! " !a

! " !a
!

!m
! " !m

! . (3)

Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
aerosol profile are below 4%. Backscatter ratios R
for perpendicular- and parallel-polarized light are de-
fined as

R! !
!m

! " !a
!

!m
! , (4)

R! !
!m

! " !a
!

!m
! . (5)

The ratio between parallel and perpendicular molec-
ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:

& !
C!P!

C!P! !
C!

C! K. (6)

To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as

&m ! K
C!

C! , (7)

to have

& ! &m
K
K0

, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:

&T !
&m P!

K0 P! " &m P! . (9)

The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,

"mol !
8'

3
!, (10)

and a polynomial relationship for aerosol backscatter
and extinction,

"aer ! 10a1(a2log$!%(a3)log$!%*2. (11)
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where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:
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Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
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ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:
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To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as
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to have
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K
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, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:
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The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,

"mol !
8'

3
!, (10)
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and extinction,
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where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:

R !
!m

! " !m
! " !a

! " !a
!

!m
! " !m

! . (3)

Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
aerosol profile are below 4%. Backscatter ratios R
for perpendicular- and parallel-polarized light are de-
fined as
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! , (4)
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The ratio between parallel and perpendicular molec-
ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:

& !
C!P!

C!P! !
C!

C! K. (6)

To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as

&m ! K
C!

C! , (7)

to have

& ! &m
K
K0

, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:

&T !
&m P!

K0 P! " &m P! . (9)

The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,
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8'

3
!, (10)

and a polynomial relationship for aerosol backscatter
and extinction,

"aer ! 10a1(a2log$!%(a3)log$!%*2. (11)
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where P0 is the transmitted pulse energy, c is the
speed of light, C is the gain factor, ! is the volume
backscattering coefficient, " is the extinction coeffi-
cient, and # is the duration of the laser pulse. The
symbols ! and ! indicate parallel- and perpendicular-
polarized components, respectively, of the lidar sig-
nal. Absorption and multiple scattering are
neglected, because the optical depth for stratospheric
clouds, which is mainly analyzed in this paper, is
small. Volume backscatter coefficient ! can be split
into contributions from molecules and aerosols:

!!,! ! !a
!,! " !m

!,!. (2)

To extract aerosol backscatter, it is necessary to have
an atmospheric density vertical profile to estimate
molecular backscatter. Atmospheric models or ra-
diosonde vertical profiles can be used for this pur-
pose. Total aerosol backscatter, in the Mie
scattering regime, is related not only to the particle
number density but also to the size. We can calcu-
late the total backscatter ratio R by the total aerosol
and molecular backscatter to the expected pure mo-
lecular when we know the molecular atmospheric
density. R is the more direct index of aerosol pres-
ence from the lidar aerosol vertical profile:

R !
!m

! " !m
! " !a

! " !a
!

!m
! " !m

! . (3)

Several algorithms can be used for this calculation,
and results from an intercomparison5 among the li-
dar systems operating in the Network for Detection of
Stratospheric Changes $NDSC% indicate that vari-
ability due to different estimations from the same
aerosol profile are below 4%. Backscatter ratios R
for perpendicular- and parallel-polarized light are de-
fined as

R! !
!m

! " !a
!

!m
! , (4)

R! !
!m

! " !a
!

!m
! . (5)

The ratio between parallel and perpendicular molec-
ular backscatter, &m, can be assumed to be constant
in the atmosphere. Different values are assumed
for different lidar systems, and more details on &m
estimation are given in Section 3. Different depo-
larization definitions are issued by the NDSC lidar
community. The definitions of depolarization pa-
rameters used in this paper are presented in Table
1,6–10 and Table 2 gives mathematical expressions
and calculation features. The most frequently used
parameter, also defined as linear depolarization, is
defined hereafter as volume depolarization according
to the definitions given throughout the NDSC com-
munity. All the definitions listed in Tables 1 and 2
can be expressed as functions of backscatter ratio,
volume depolarization ratio &, and molecular linear
depolarization ratio &m, and their algebraic formula-
tion is given in the final column of Table 2. The

volume linear depolarization ratio & has the advan-
tage of requiring little processing on the raw signals,
since the ratio is not dependent on the extinction and
is slightly dependent on instrumental parameters.
Moreover, if the same receiving device is used to de-
tect both signals, in principle it is possible to perform
an absolute measurement of depolarization. If the
difference in efficiency between the parallel- and the
cross-polarized channel receiving systems is not neg-
ligible, an unknown gain factor C has to be estimated.
K is the ratio of the cross signal to the parallel signal,
and K0 is its value in aerosol-free regions:

& !
C!P!

C!P! !
C!

C! K. (6)

To estimate the gain factors, a calibration in the
aerosol-free region must be performed, which can be
written as

&m ! K
C!

C! , (7)

to have

& ! &m
K
K0

, (8)

where &m is the value of the volume depolarization
ratio for an atmosphere composed of biatomic mole-
cules. The ratio of the cross-backscatter coefficient
to the total backscatter coefficient is expressed in
terms of the raw signals:

&T !
&m P!

K0 P! " &m P! . (9)

The estimation of R!, &a, and &TA requires the eval-
uation of the ! coefficient and of both aerosol and
molecular contributions. The inversion of the lidar
equation for ! retrieval is performed when a func-
tional dependence between extinction and backscat-
ter is imposed.11–13 In this paper the retrieval
algorithm uses the Rayleigh scattering theory for the
molecular backscattering,

"mol !
8'

3
!, (10)

and a polynomial relationship for aerosol backscatter
and extinction,

"aer ! 10a1(a2log$!%(a3)log$!%*2. (11)
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We calculated coefficients a1–a3 by averaging over a
wide set of simulations on different aerosol loading
conditions.14 So the extinction and the backscatter
profiles are obtained by the inversion of the lidar
equation, when we start from a reference range zm,
chosen at the top of the altitude range, where atmo-
sphere is free of aerosols.11 A value of ! should be
used for the evaluation of the extinction coefficient ".
! can be estimated without first performing an ex-
tinction correction. " can be calculated from this
evaluation when we impose a value for the extinction
on the backscatter ratio. The dependence of the ex-
tinction " on ! can be assumed to be constant for the
entire vertical profile, or variable, as a function of the
kinds of aerosol sampled by lidar.13

3. Signal Study

A. Observations

Various depolarization parameters are calculated
from a single lidarlike vertical profile. The profile
used was taken by a balloon-borne laser backscatter
sonde #LABS$. The flight was performed in Andoya,
Norway #69 °N, 16 °E$, on 23 January 1996. The
measurement was made at 692 nm on both parallel
and perpendicular channels. Because the measure-
ment was made by an in situ instrument, no prepro-
cessing was needed to correct the profile from
molecular extinction. More details on the LABS can
be found in Ref. 15. Figure 1 shows the backscatter
vertical profile for both LABS channels. A thin
cloud showing a high perpendicular polarized signal
was detected in the high troposphere at a height of
7–8 km. A thick polar stratospheric cloud was mea-
sured between 19 and 25 km. The cloud was com-
posed mainly of liquid particles with a depolarizing
layer near 24 km and a second thin depolarizing
cloud at 27 km. The first depolarizing layer could be
composed of a mixture of solid and mostly liquid aero-
sol, whereas the second depolarizing layer was sup-
posed to be composed of large and sparse solid

aerosols. The background aerosol load was low: R
measured at 692 nm was 1.2. This profile was cho-
sen because it describes well, in a single profile, the
different cloud types that can be observed in the
lower polar stratosphere The geophysical interpreta-
tion of the polar stratospheric cloud observation is not
given here, because that is not the purpose of the
paper; however, it can be found in Ref. 16.

B. Evaluation of Depolarization and Comparison of
Different Parameters

Figure 2 shows the depolarization parameters calcu-
lated from the raw data and the backscattering coef-
ficients. Errors were estimated from the ordinary
lidar error evaluation.17 Panel #a$ shows the cross-
backscatter ratio. Since the depolarized signal from
molecules is %1% of the total molecular signal and
the depolarized signal from aerosols could reach 50%
of the total aerosol signal, this parameter is ex-
tremely sensitive to depolarizing aerosols. Values

Fig. 1. Backscattering profiles from LABS. From left to right:
parallel polarized signal P!, perpendicular polarized signal P!.
P! and P! are shown in arbitrary units. Boxes define different
layers, as described in Section 2.

Table 2. Mathematical Expressions of Depolarization Parameters, Main Calculation Features, and Mathematical Expression Function ofR, !, and R!

Parameter Formula Calculation Features Formula f#R, &, &m$

& & !
!a

! " !m
!

!a
! ' !m

!
No processing on the raw data

R! R! !
!m

! " !a
!

!m
!

!m needed R! !
#1 " &m$&

#1 " &$&m
R

D D !
R!

R!
!m needed, unstable where R ( 1.1 D !

&

&m

&A &A !
!a

!

!a
!

!m needed, unstable where R ( 1.1 &A !
R&#&m " 1$ # &m#& " 1$

R#&m " 1$ # #& " 1$

&T &T !
!a

! " !m
!

!a
! " !m

! " !a
! " !m
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&
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&TA &TA !
!a

!

!a
! " !a

!
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R&#1 " &m$ # &m#1 " &$

#1 " &$#1 " &m$#R # 1$
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About depolarization callibration procedures 

As we already know the total backscattered signal P(r) depending on the 
distance r from the lidar is described by the lidar equation 

 

n  is  the  system  constant,  β  is  the  backscatter  coef  and  τ2  accounts  for  the 
atmospheric  tranmsittance on  the way  from  the  lidar  to  the  scattering  volume 
and  back.      For  determining  δ  the  lidar  measure  the  atmospheric  backsatter 
signals in two received channels, parallel and cross polarized with respect to the 
plane  of  the  linear  polarized  output  of  the  laser  beam.  The  polization 
components  are  separated  in  the  receiver  (WSU)  by  means  of  polarizing 
beamsplitter cube (PBC). 

The problem: The separation of  the PBC may not perfect.  (Raymetrics use  the 
best  PBC  on  the  market  today).  Furthermore  the  polarizing  PBC  mign  be 
misalinged with respect to the plane of polarization of the emitted laser beam. 

The solutions: 

 

 

The backscatter powers before the PBC are: 

 

p is for particles and m is for molecules. 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The total backscatter power P and the total backscatter coefficient β are the sum 
of both polarized components. 

 

The ratio of the total backscatter coef to the molecular component some times is 
called backscatter ratio R 

 

and the ratio of the total cross – to the total parallel‐polarized backscatter coef is 
called the linear volume depolization ration δν 

 

For the rest of the analysis we indroduce the following factors 

  

δ*  is  the measured singal ratio, PR and PT are the quantiteis we actually record 
with our system V* is a relative amplification factor. The amplification factors VR 
and  VT  include  the  optical  tranmsittances  of  the  receivers  and  the  electonic 
amplification in each channel. 

Finally we get the following equation: 

 

Calibration methods 

In order to retreive the total backscatter power P and δν from the measurent PR 
and  PT  we  need  to  V*,  which  we  can  get  from  calibratin  measurements  in 
different ways and by using eq. 9 but in the following form 

 

For φ=0 we get 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With known  δν in some range of the lidar signal we can determine V*. The linear 
depolization ratio δm of air molecules is well known and thus we could use an 
aerosol free lidar range in the free troposhere were δν=δm. 

A new method 

If we calculate V* from two subsequent measuremnts at exactly 90o diffrence we 
get: 

 

This method is known as the +/‐450 ‐ calibration 

For UNI LIDAR:    

 

Retrieval of the linear volume depolization ratio δν 

Once we know V* we get δν  

 

 

 

Usually for a polarizing beamsplitter cube we have 

 

so we have that 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USA LIDAR SYSTEM SPECS: 
Rs=99.5% Tp=98% 

So Rs=0.995, Tp=0.98, Ts=0.005 and Rp=0.02 

 

Retrieval of the linear particle depolization ratio δp 

 

 

Sassen, K., 1991. The polarization lidar technique for cloud research: a reviwe and current assessments. Bull. 
Amer. Meteorol. Soc. 72, 1848–1866.   
Sassen, K. 2005. Polarization in lidar. In: Lidar, (ed. C. Weitkamp) Springer, New York. 19–42.  
Schotland, R. M., Sassen, K., and Stone R. 1971. Observations by lidar of linear depolarization ratios for 
hydrometeors. J. Appl. Meteorol. 10, 1011–1017.  
Ansmann, A., Mattis, I., Müller, D., Wandinger, U., Radlach, M., Althausen, D., and Damoah R. 2005. Ice 
formation in Saharan dust over central Europe observed with temperature/humidity/aerosol Raman lidar. J. 
Geophys. Res. 110, doi:10.1029/2005JD005000.   
Ansmann, A., Tesche, M., Althausen, D.,Müller, D., Freudenthaler, V., Heese, B., Wiegner, M., Pisani, G., 
Knippertz, P. and Dubovik O. 2007. Influence of Saharan dust on cloud glaciation in southern Morocco during 
SAMUM. J. Geophys. Res. 112, doi:10.1029/2007JD008575. 
Freudenthaler, V., Homburg, F., and Jäger H. 1996. Optical parameters of contrails from lidar measurements: 
linear depolarization. Geophys. Res. Lett. 23, 3715–3718. 
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